A bacteriocin-producing (11,000 AU mL À1 ) strain was isolated from the rhizosphere of healthy Algerian plants Ononis angustissima Lam., and identified as Brevibacillus brevis strain GM100. The bacteriocin, called Bac-GM100, was purified to homogeneity from the culture supernatant, and, based on MALDI-TOF/MS analysis, was a monomer protein with a molecular mass of 4375.66 Da. The 21 N-terminal residues of Bac-GM100 displayed 65% homology with thurincin H from Bacillus thuringiensis. Bac-GM100 was extremely heat-stable (20 min at 120 C), and was stable within a pH range of 3-10. It proved sensitive to various proteases, which demonstrated its protein nature. It was also found to display a bactericidal mode of action against gramnegative (Salmonella enteric ATCC 43972, Pseudomonas aeruginosa ATCC 49189, and Agrobacterium tumefaciens C58) and gram-positive (Enterococcus faecalis ENSAIA 631 and Staphylococcus aureus ATCC 6538) bacteria, and a fungistatic mode of action against the pathogenic fungus Candida tropicalis R2 CIP 203.
A bacteriocin-producing (11,000 AU mL À1 ) strain was isolated from the rhizosphere of healthy Algerian plants Ononis angustissima Lam., and identified as Brevibacillus brevis strain GM100. The bacteriocin, called Bac-GM100, was purified to homogeneity from the culture supernatant, and, based on MALDI-TOF/MS analysis, was a monomer protein with a molecular mass of 4375.66 Da. The 21 N-terminal residues of Bac-GM100 displayed 65% homology with thurincin H from Bacillus thuringiensis. Bac-GM100 was extremely heat-stable (20 min at 120 C), and was stable within a pH range of 3-10. It proved sensitive to various proteases, which demonstrated its protein nature. It was also found to display a bactericidal mode of action against gramnegative (Salmonella enteric ATCC 43972, Pseudomonas aeruginosa ATCC 49189, and Agrobacterium tumefaciens C58) and gram-positive (Enterococcus faecalis ENSAIA 631 and Staphylococcus aureus ATCC 6538) bacteria, and a fungistatic mode of action against the pathogenic fungus Candida tropicalis R2 CIP 203.
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The rapid rise and spread of multi-resistant microbial pathogens has forced a consideration of alternative methods of combating infection. Biological control of infectious diseases, a new emerging biological tool, offers a powerful alternative to conventional synthetic chemicals in human and animal health management as well as in agricultural and food biotechnology. 1) However, microbes produce an extraordinary array of microbial defense systems. These include broad-spectrum classical antibiotics, metabolic by-products (organic acids), lytic agents (lysozymes), numerous proteinaceous exotoxins, and bacteriocins. 2, 3) In the microbial world, antimicrobial peptides are an important part of the defense system of bacteria, and they are referred to as bacteriocins. Traditional medicinal antibiotics are also produced by some bacteria, but these and bacteriocins should be considered different antimicrobial compounds. An important criterion of being a bacteriocin is that bacteriocins are ribosomaly synthesized, while antibiotics are made by multi-enzyme complexes. Most bacteriocins kill a narrow spectrum of bacteria as compared to antibiotics. Moreover, most bacteriocins are more potent against their target bacteria, while higher concentrations of antibiotics are needed to kill the target bacteria. 4) Bacteriocins are produced by both gram-positive and gram-negative bacteria, and the bacteriocins of gram-positive bacteria appear to show a broader range of susceptible organisms. 5) In fact, the use of bacteria as biocontrol agents has been extensively studied in the last few decades, and a wide array of bioactive metabolites, including bacteriocins, antibiotics, antifungals, antivirals, insecticides, herbicides, and anticancer agents, has been reported in the literature. 6, 7) The efficiency of these biological agents has been demonstrated in several fields. 8, 9) Although gram-positive Bacillus species are often considered promising biocontrol agents as effective as gram-negative bacteria, they have received much less attention and are studied for their compounds production with potential uses in many fields. 10) Above all, those produced by gram-positive bacteria have attracted much more interest, particularly for their promising agricultural potential, as they can open new opportunities for the alleviation of various pathogenic conditions. In particular, Bacillus strains are known to be thermotolerant and spore-forming species that show rapid growth in liquid culture and are widely distributed in soils. Various Bacillus species produce bacteriocins. These include bacteriocin-like inhibitory substances (BLISs) 11) produced by B. cereus ATCC 4579, coagulin 12) produced by B. coagulans, and bacthuricin F4, 13) entomocin 110, 14) thuricin 17 (T17) 15) produced by B. thuringiensis. However, and despite their promising y To whom correspondence should be addressed. Fax: +213-36-90-38-79; E-mail: mouloud ghadbane@yahoo.fr Abbreviations: AU, activity unit; BSA, bovine serum albumin; CFUs, colony forming units; FPLC, fast protein liquid chromatography; IPTG, isopropyl-thio--D-galactopyranoside; LB medium, Luria-Bertani medium; MALDI-TOF/MS, matrix assisted laser desorption ionization-time of flight/mass spectrometry; O.D, optical density; SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel electrophoresis properties as potential antibacterial agents, only a few Bacillus bacteriocins have been characterized to date. In addition, B. subtilis is known to produce many antimicrobial peptide substances, such as bacilysin 16) and subtilosin A. 17) Iturine A, a mixture of homologous cyclic peptides (A 1 through A 8 ), was also obtained from B. subtilis.
18) It has been found that iturine, secreting B. subtilis NB22, can be used as an agent to control soilborne tomato diseases. 19) Furthermore, Brevibacillus brevis strains are considered probiotic agents both for human and for animal use. 20) Several molecular methods are available for the exact identification of a given bacterial strain and, 16S rDNA gene sequencing is the first tool for this purpose. 21) During a search program for bioactive antibacterial and antifungal compounds from Bacillus with antiAgrobacterium spp. activity, a new bacterium, GM100, was selected, and characterized by means of phenotypic and 16S rDNA gene sequencing. This paper describes the selection and identification of this bacterium. The purification and the biochemical characterization of a bacteriocin-like substance, Bac-GM100, from the supernatant culture of this new strain are reported. The paper also further explores the inhibitory spectrum and mode of action of Bac-GM100, and assesses its activity against gram-positive and gram-negative bacteria as well as fungi.
Materials and Methods
Enzymes and chemicals. Bovine serum albumin (BSA), trypsin, pepsin, papain, pronase E, and proteinase K were purchased from Sigma Chemical (St. Louis, MO). Sephadex G-75 and Mono Q FPLC were from Pharmacia (Pharmacia, Uppsala, Sweden). A protein assay kit was from Bio-Rad Laboratories (Hercules, CA). All other chemicals and reagents used were of analytical grade or the best grade commercially available, unless otherwise stated.
Bacterial strains and growth conditions. Strain GM100, exhibiting pronounced antagonistic activities, was isolated from the rhizosphere of healthy plants Ononis angustissima Lam. grown in the region of Biskra (in southern of Algeria) at a nursery. Identification of the Bacillus strain. The strain was examined for gram reaction, cell shape, oxidase and catalase reactions, motility, endospore formation, and oxygen relationships. An API 50 CH strip (bioMérieux, Marcy-l'Etoile, France) was used to investigate the physiological and biochemical characteristics of strain GM100 in accordance with the instructions of the manufacturer. The 16S rRNA gene was amplified by polymerase chain reaction (PCR) using two universal primers: forward, 5 0 -AGAGTTTGATCCTGGCTCAG-3 0 , and reverse, 5 0 -AAGGAGGTGATCCAAGCC-3 0 , designed on the basis of positions 8 to 27 and 1,541 to 1,525 respectively. These are conserved zones within the rRNA operon of E. coli.
21) The Genomic DNA of strain GM100 was used as template for PCR amplification (35 cycles, 94 C for 30 s denaturation, 60 C for 1 min primer annealing, and 72 C for 1.5 min extension). The amplified approximately 1.5-kb PCR product was cloned in pGEM-T Easy vector (Promega, Madison, WI), to obtain pGM100-16S plasmid (this study).
) (Invitrogen Life Technologies) was used as host strain. All recombinant clones of E. coli were grown in LB broth medium with the addition of ampicillin, isopropyl-thio--D-galactopyranoside (IPTG), and X-gal for screening. DNA electrophoresis, DNA purification, restriction, ligation, and transformation were all performed by a method previously described by Sambrook et al.
22)
DNA sequencing and phylogenetic analysis. The nucleotide sequence of the 16S rRNA gene was determined on both strands using a BigDye Ò Terminator v3.1 Cycle Sequencing Kit and an automated DNA sequencer ABI Prism Ò 3100-Avant Genetic Analyser (Applied Biosystems). 16S rDNA sequence analysis was performed by means of the BLAST program (www.ncbi.nlm.nih.gov/blast). Phylogenetic and molecular evolutionary analyses were conducted by means of molecular evolutionary genetics analysis (MEGA) software version 4.1. Distances and clustering were calculated by the neighbor-joining method. Bootstrap analysis was used to evaluate the tree topology of the neighbor-joining data by performing 100 re-samplings.
23)
Biological assay of antimicrobial activities. The ability of Brevibacillus brevis strain GM100 to produce diffusible metabolites was assessed by Agar Well Diffusion Assay.
24) The diameters of the inhibition zones were measured. The bacteriocin samples to be spotted were serially diluted two-fold, and the reciprocal of the highest dilution showing inhibition was considered as one arbitrary activity unit (AU). Uninoculated culture broth was used as negative control.
Bac-GM100 purification procedure. Five hundred mL of modified LB culture medium, obtained after 48 h of cultivation, was centrifuged for 30 min at 10;000 Â g to remove microbial cells. The supernatant containing extracellular active compounds was retained as crude bacteriocin preparation for subsequent assays. The crude extract was precipitated with ammonium sulphate at a concentration from 40-60%. The pellet obtained after centrifugation for 30 min at 10;000 Â g was dissolved in a minimum of 25 mm Tris-HCl at pH 8 (buffer A) and dialyzed overnight against repeated changes of the same buffer using benzoylated membranes with a molecular weight cut-off of 1200 Da (Sigma Chemical, St. Louis, MO). The clear supernatant was incubated for 2 h at 90 C. After rapid cooling, insoluble denatured proteins were removed by centrifugation for 30 min at 10;000 Â g. The protein solution, designated fraction I, was loaded on a 2:5 Â 50 cm Sephadex G-75 column equilibrated with buffer A. Elution of the protein was done with the same buffer at rate of 45 mL h À1 . The protein concentration was monitored at 280 nm. Fractions were tested for bacteriocin activity. The active fraction, designated fraction II, was collected and injected into a Mono Q column (2:6 Â 20 cm) attached to an FPLC system previously equilibrated with buffer A. After washing of the column, no bacteriocin activity was detected in the washing solution. The adsorbed material was eluted with a linear NaCl gradient (500 mL of 0-500 mm in buffer A) at a rate of 40 mL h À1 . Fractions were collected automatically by the system and assayed for antagonistic activity using A. tumefaciens C58 as indicator bacterium. Fractions containing active Bac-GM100 that eluted between 180 and 220 mm NaCl (fraction III) were collected and stored at À20 C in glycerol 20% (v/v) solution for further analysis.
Molecular mass determination, mass spectrometry, and amino acid sequencing. The active fraction eluted after each purification step was pooled and subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using 5% stacking gel and 15% resolving gel, as reported by Laemmli. 25) The protein concentration was measured as described by Bradford. 26) Protein bands were visualized by Coomassie Brilliant Blue R-250 staining. Unstained #BM201 Low Range Protein Marker (Bio Basic, Markham, Canada) was used as standard (in kDa): BSA, 66; ovalbumin, 45; porcine pepsi, 35; triosephosphate isomerase, 27; trypsin inhibitor, 20; lysozyme, 14.4; parathyroid (1-84), 9.5; aprotinin, 6.5; and parathyroid (1-34), 4.5. Zymogram analysis was performed as previously described.
27) The molecular mass of the purified Bac-GM100 was determined by MALDI-TOF/MS using a Voyager DE-RP instrument (Applied Biosystems, Framingham, MA). To determine the N-terminal sequence, the protein band from the SDS gel was transferred to a Problott membrane (Applied Biosystems, Foster City, CA). Automated Edman protein degradation was performed with a protein sequencer (Protein sequencer ABI Procise 492/610A, Applied Biosystems).
Effects of pH and temperature on the Bac-GM100 bacteriocin. The pure bacteriocin Bac-GM100 (500 AU mL À1 ) was resuspended in various buffer solutions at 50 mm, ranging from pH 2 to 11 (citrate for pH 2-6; phosphate for pH 7; Tris-HCl for pH 8-9, and glycine-NaOH for pH 9-11), and incubated for 48 h at 4 C. The antimicrobial activity of Bac-GM100 was expressed in terms of AU mL À1 , and was compared with the untreated controls. The thermal stability of Bac-GM100 was monitored at various temperatures. Accordingly, Bac-GM100 was resuspended in 25 mm Tris-HCl buffer at pH 8, subjected to boiling temperatures (70, 80, 90, and 100 C for 2 h), and autoclaved (120 C, 20 min) prior to activity assay.
Antimicrobial activity and sensitivity to proteases, detergents, and organic solvents. In order to determine the biological nature of the antimicrobial activity produced by the strain GM100, 1 mL of cell-free supernatant was incubated for 3 h at 37 C in the presence of 1 mg mL À1 of catalase (Boehringer, Germany). The untreated bacteriocin-containing cell-free supernatant served as control. Sensitivity to proteolytic enzymes of antimicrobial compounds was investigated by the addition of trypsin, pepsin, papain, pronase E, and proteinase K at a final concentration of 1 mg mL À1 to the culture supernatants of strain GM100 (30 C, 48 h). The samples were incubated for 2 h at 37 C, and immediately afterwards, residual activity was determined as described above. The detergents used were Tween 40, Tween 60, Triton X-100, SDS, and urea at final concentrations of 15% (w/v), and ethylenediaminetetraacetic acid (EDTA) and phenylmethanesulfonyl fluoride (PMSF), which were added to the culture supernatants of strain GM100 (30 C, 48 h) at a final concentration of 15% (v/v) and the reaction was incubated at 30 C for 2 h. The culture supernatants of the strain GM100 (30 C, 48 h) were mixed with various organic solvents of different Log p values (chloroform, butanol, isopropanol, ethyl acetate, and methanol) at a final concentration of 60% (v/v). After incubation for 1 h at room temperature, the organic solvent was evaporated in a vacuum concentrator, and residual antimicrobial activity was determined.
Stability of the purified Bac-GM100 bacteriocin. The effect of detergent on bacteriocin activity and stability was investigated. This involved the incubation of pure Bac-GM100 in the presence of a broad range of detergents, (Tween 40, Tween 60, Triton X-100, SDS, and urea) at a final concentration of 15%. In this case, bacteriocin Bac-GM100, which was resuspended in buffer A without any denaturing agents, was used as control. Each sample and each control was incubated at 37 C for 48 h. Activity was assayed using A. tumefaciens C58. The purified Bac-GM100 (50 AU mL À1 ) was also mixed with various organic solvents with different Log p values (chloroform, butanol, isopropanol, ethyl acetate, and methanol) at a final concentration of 60% (v/v). After incubation for 72 h at room temperature, the organic solvent was evaporated in a vacuum concentrator and residual antimicrobial activity was determined. The antimicrobial activity of Bac-GM100, which was resuspended in buffer A without added solvents, was used as control. To determine the sensitivity of a number of enzymes on active Bac-GM100, a variety of proteolytic enzymes were added at a final concentration of 1 mg mL À1 . All the enzymes were dissolved in buffers, as recommended by the provider company. The proteases used were trypsin, pepsin, papain, pronase E, and proteinase K. Following 48 h of incubation at 37 C, enzyme activity was stopped by heating at 100 C for 5 min, and the remaining bacteriocin activity was measured in AU mL À1 . Untreated bacteriocin plus buffers, buffers alone, and the enzyme solutions were used as controls.
Inhibitory spectrum and mode of action of Bac-GM100. The inhibitory spectrum was checked by Agar Well Diffusion Assay. 24) Pure bacteriocin, Bac-GM100 (500 AU mL Phytotoxicity effect of Bac-GM100 on tomato and muskmelon. Phytotoxicity was assessed by determination of the germination index at 2 times, 72-96 h for tomato (Lycopersicon esculentum) and 30-60 h for muskmelon (Cucumis melo) by the standard method of Zucconi et al. 28) Tomato and muskmelon seeds were treated with water (negative control), sodium hypochlorite 10% (w/v) (positive control), and two different doses of Bac-GM100 (50 and 500 AU mL À1 ). The postgerminated seeds were transplanted in a sterile potting mix as described below. Traditional seed vigor biomarkers were determined based on the total number of seedlings that emerged fully, shoot height, shoot weight, and root length.
Statistical analysis. The trial was established according to a randomized plots experimental design with three triplicates, including 30 plants in each replicate. The data were subjected to analysis of variance using the Statistical Package for the Social Sciences (SPSS V.11; SPSS, Chicago, IL). Mean values among treatments were compared by Duncan's multiple range test at the 5% (p ¼ 0:05) level of significance.
Nucleotide accession number. The 16S rRNA nucleotide sequence data for newly isolated Brevibacillus brevis strain GM100 was submitted to the NCBI GenBank database, and was assigned accession no. JX524820.
Results and Discussion
Identification and molecular phylogeny of the microorganism Identification of the newly isolated bacterium (GM100) was based on both phenotypic and molecular methods. Morphological, biochemical, and physiological characteristics, by the methods described in Bergey's Manual of Systematic Bacteriology, 29) indicated that the isolated strain appeared in a bacillus form, aerobic, endospore-forming, gram-positive, catalase-positive, oxidase-positive, and motile. The carbohydrate profile of the isolate was also investigated using API 50 CH strips. The results indicated that while the microorganism could utilize D-glucose, D-fructose, maltose, glycerol, D-mannitol, and D-ribose, could not utilize D-mannose, D-tagatose, L-arabinose, myo-inositol, raffinose, erythritol, or adonitol. All the data obtained with regard to the physiological and biochemical properties of the isolate, therefore, strongly confirmed that strain GM100 belonged to the Bacillus genus.
The 16S rRNA gene sequence obtained was submitted to GenBank BLAST search analysis, which yielded a strong homology, of up to 98%, with those of several cultivated strains of Brevibacillus. The most similar Brevibacillus strains identified by the BLAST analysis were Brevibacillus brevis strain NBRC 100599 (accession no. AB681205) and Brevibacillus brevis strain DSM 6472 (accession no. AB112717). These sequences were imported into the MEGA software and aligned. A phylogenetic tree was constructed (Fig. 1) , and the findings further confirmed that strain GM100 (accession no. JX524820) was closely related to those of the Brevibacillus strains. In summary, all the results obtained strongly suggested that this isolate ought to be identified as Brevibacillus brevis strain GM100.
Effects of proteases, detergents, and organic solvents on antimicrobial activity
Enzymatic tests showed that the antimicrobial activity against three tested indicator microorganisms, A. tumefaciens C58, L. ivanovii BUG 496, and C. tropicalis R2 CIP 203, of the supernatant culture of the strain GM100 was not affected by the addition of catalase, indicating that the growth inhibition observed was not due to hydrogen peroxide production. In contrast, treatment with the proteolytic enzymes (trypsin, pepsin, papain, pronase E, and proteinase K) caused complete inactivation of the antimicrobial compounds, which thus identified them as proteinaceous substances. Exposure to detergents caused about 25% inactivation of the antimicrobial activity for the SDS and urea agents, and about 10% for the other surfactants tested (Tween 40, Tween 60, Triton X-100, EDTA, and PMSF). As for treatment with the organic solvents (ethyl acetate, methanol, and isopropanol), no significant alteration of antimicrobial activity produced by the strain GM100 was observed.
Bac-GM100 purification and molecular weight determination
Contaminating proteins in the cell-free supernatant were removed, and then the Bac-GM100 in the supernatant was concentrated by ammonium sulphate precipitation (40-60%, w/v) and heat treated for 2 h at 90 C (fraction I), followed by Sephadex G-75 column chromatography (fraction II). In order to obtain a highly purified protein, fraction II was subjected to ion exchange chromatography. At this step, one major absorbance symmetrical peak, fraction III, was eluted at a 200-mm salt gradient. The purification process is summarized in Table 1 . Bacteriocin purity was estimated to be about 41-fold greater than that of the crude extract. The presence of the inhibition zone determined after 24 h of incubation under appropriate conditions revealed that the purified bacteriocin Bac-GM100 exhibited a broad inhibitory spectrum against all the pathogenic indicator strains of the gram-positive and gram-negative bacteria tested ( Table 2 ). The yield of the purified bacteriocin preparation was about 23% based on total activity, and the specific activity was 84,013 AU mg À1 . Electrophoresis under denaturing conditions (SDS-PAGE) revealed a single monomeric protein band at a molecular mass estimated to be 4.5 kDa (Fig. 2A) . At 4.5 kDa, the antibacterial activity of this single band protein was confirmed by overlaying it on indicator strain A. tumefaciens C58, which revealed a growth inhibitory zone at the position viewed in the stained gel (Fig. 2B) . Mass spectrometry analysis indicated that Bac-GM100 had a molecular mass of 4,375.66 Da (Fig. 2C) . The purified Bac-GM100 bacteriocin exhibited single symmetrical elution peaks corresponding to a protein of nearly 4.5 kDa according to gel filtration chromatography (Fig. 2D) .
N-Terminal sequence of purified Bac-GM100
The first 21 N-terminal amino acid residues of the blotted purified antimicrobial peptide Bac-GM100 from Brevibacillus brevis strain GM100 were determined to be DWTFANWSCLVCDDCSVNLTY. This sequence was subjected to comparison with protein sequences in the GenBank non-redundant nucleotide database (http: //www.ncbi.nlm.nih.gov/) using the BLASTP and tBlastn search programs. It was further subjected to comparison through the Swiss-Prot database (http: //www.expasy.ch/sprot/) using BLASTP search software. It was found that this bacteriocin contained a unique sequence, suggests that it is of a novel compound. It showed 65% homology with bacteriocin thurincin H from B. thuringiensis SF361 (accession no. 2LBZ A).
Biochemical properties of purified bacteriocin
In order to determine the thermostability of Bac-GM100, inhibitory activity was examined following exposure to a variety of temperatures. No activity loss was detected following 2 h of exposure to a temperature range of up to 100 C or 20 min of treatment at 120 C for autoclaving. Moreover, low temperature storage (À20 and 4
C for 72 h), did not appear to alter the activity of the purified protein. Bac-GM100 retained its biological activity within pH 3-10, but activity was drastically reduced at pH 12. In contrast, bacthuricin F4 from B. thuringiensis preserved only 20% of its activity after incubation at 90 C for 30 min. 13) There are reports in the literature that many bacteriocins lose their heat stability upon purification. 13) In contrast, purified Bac-GM100 retained its full heat stability, as has been reported for bacteriocin Bac 14B from B. subtilis strain 14B. 30) Exposure to various detergents showed that only Tween 40 and Tween 60 eliminated the bacteriocin activity of Bac-GM100. Treatment with Triton X-100, SDS, and urea were, however, found to have no effect on the bacteriocin activity of Bac-GM100. Moreover, treatment with organic solvents (isopropanol, chloroform, and ethyl acetate) was found to have no significant alteration effect on the activity of Bac-GM100. Methanol and butanol, on the other hand, slightly affected the bacteriocin activity of Bac-GM100. When treated with various hydrolytic enzymes, purified bacteriocin Bac-GM100 was to undergo significant decreases in inhibitory action after treatment with proteases, showing that the bacteriocin has a proteinaceous nature. This bacteriocin activity was similar to that of bacthuricin F4 from B. thuringiensis 13) and Bac 14B from B. subtilis strain 14B. 27, 30) Inhibitory spectrum and mode of action of purified Bac-GM100
The addition the purified Bac-GM100 at 500 AU mL À1 to cells of A. tumefaciens C58 (4 h old) and C. tropicalis R2 CIP 203 (8 h old) in the early logarithmic growth phase resulted in a rapid decrease in the number of A. tumefaciens C58 viable cells (from 10 7 CFU mL À1 to less than 10 2 CFU mL À1 ) over a period of 5 h (Fig. 3A) . The optical density readings for this indicator microorganism remained constant after the addition of Bac-GM100. Our results indicate that the bacteriocin studied has a bactericidal effect against the A. tumefaciens C58 strain. As for C. tropicalis R2 CIP 203, the optical density readings were very similar in presence and the absence of Bac-GM100 (Fig. 3B) , but, we noticed a decrease in the number of viable cells grown in the presence of bacteriocin GM100 at 42 h of growth. These data indicate that Bac-GM100 acts with a fungistatic effect against C. tropicalis R2 CIP 203 (Fig. 3B) .
Bac-GM100 can be considered the second antimicrobial protein to show a spectrum of action that is particularly inhibitory against Agrobacterium spp. strains, which are responsible for the induction of neoplasic diseases, after bacteriocin Bac 14B from B. subtilis strain 14B, which shows a broad inhibitory spectrum of antagonistic activities against pathogenic indicator strains of gram-positive and negative bacteria. 27) Purified bacteriocin Bac-GM100 exhibited a wide spectrum of inhibitory action. In fact, it inhibited both gram-positive and negative bacteria. The general mode of action of bacteriocin has been reported to be bactericidal due to the pore-forming action of the cell membrane. 31, 32) Several large (>10 kDa) streptococcal antimicrobial proteins have a narrow spectrum of action.
33) The inhibitory spectrum of, for instance, dysgalacticin (21 kDa) is fairly narrow, and is limited to strains of Lancefield serogroups A, C, and G. The range of organisms inhibited by SA-M57 (17 kDa), on the other hand, is unusual, consisting mainly of nonstreptococcal gram-positive species, including Micrococcus luteus, Lactococcus lactis, and six species of Listeria, B. megaterium, and S. simulans. Stellalysin is another 29-kDa bacteriocin, with an inhibitory spectrum that includes S. pyogenes, S. gordonii, and S. mutans.
34)
The present investigation of Bac-GM100 also indicated that it has a bactericidal effect on the indicator, A. tumefaciens C58, and functions as a fungistatic against C. tropicalis R2 CIP 203. Some bacteriocins, such as thoeniicin, that have very limited spectra among tested lactic bacteria in spite of a small MW (7.13 kDa), are reported to be bactericidal on one strain and bacteriostatic on others. 35) However, a few bacteriocins have been reported to be active against gram-negative bacteria, and particularly against fungi. 36) Most of the bacteriocins described as antifungal agents from Lactobacillus are organic compounds or diketopiperazine derivatives of molecular masses lower than 1 kDa. 37) In particular, Nisin (3.35 kDa) is a natural, toxicologically safe, antibacterial food preservative. It is regarded as natural because it is a polypeptide produced by certain strains of the food-grade lactic acid bacterium Lactococcus lactis subsp. lactis during fermentation. It exhibits antimicrobial activity towards a wide range of gram-positive bacteria, and is particularly effective against spores. It shows little or no activity against gram-negative bacteria, yeasts, or moulds. 38) Cerein MRX1 (3.13 kDa), produced by B. cereus strains, shows a bactericidal mode of action against bacteria of concern in the food industry, such as species of Bacillus (including B. cereus, B. coagulans, B. subtilis, B. pumilus, and others) and L. innocua 39) Brevicin AF01, produced by B. brevis AF01, isolated from a wheat field shows a bactericidal mode of action against several MRSA strains. 40) Thuricin 17 (3.16 kDa) is produced by the plant growth-promoting rhizobacterium strain B. thuringiensis NEB17, isolated from soybean root nodules in Quebec, Canada. It is active against B. thuringiensis, B. cereus strains, and related Bacilli, as well as gram-negative strain E. coli MM294 (pBS42), 15, 41) whereas, thurincin H (3.14 kDa), produced by B. thuringiensis, acts on Bacillus, Listeria, and Carnobacterium, but does not kill gram-negative bacteria. 42) Bacteriocin ST15 (3.94 kDa) is a peptide produced by E. mundtii that exhibits a broad spectrum of antimicro- Absorbance at 600 nm B Fig. 3 . Effect of Bac-GM100 on the Growth of A. tumefaciens C58. Optical density at 600 nm in absence ( ) and the presence ( ) of Bac-GM100. Viable cell counts (CFU mL À1 ) in absence ( ) and the presence ( ) of Bac-GM100 (A). Effect of Bac-GM100 on the growth of C. tropicalis R2 CIP 203. Optical density at 600 nm in the absence ( ) and the presence ( ) of Bac-GM100. Viable cell counts (CFU mL À1 ) in the absence ( ) and presence ( ) of Bac-GM100 (B).
bial activity against gram-positive and negative bacteria. 43 ) Sakacin C2 (5.5 kDa) displayed broad antimicrobial activity not only against a larger range of LAB but also against many gram-positive and negative bacteria. The inhibitory spectra of known bacteriocins from L. sakei are quite narrow. For example, the inhibition spectrum of sakacin G appeared to be limited to L. sakei and Pediococcus cerevisiae of the tested strains, as far as LABs are concerned. Among three kinds of bacteriocins (sakacins P, 5X, and 5T) produced by L. sakei 5, only sakacin 5X inhibited many gram-positive beer-spoilage organisms, such as L. brevis, and E. facealis, but their inhibitory activity towards gram-negative bacteria has not been determined yet, while sakacin P and sakacin 5T inhibited only of the two out of 13 LAB strains. 44) These behaviors clearly indicate that there is no relationship between the molecular size of bacteriocins and their spectra.
Phytotoxicity effect of Bac-GM100 on plant species Seed germination of tomato and muskmelon was performed with two different concentrations of Bac-GM100 (50 and 500 AU mL À1 ), and the germination ratios were compared to those obtained for seeds treated with water (negative control) and those treated with 10% (w/v) sodium hypochlorite (positive control). The results indicated that seed germination was strongly inhibited for the two species studied when treated with sodium hypochlorite and Bac-GM100 (500 AU mL À1 ). Bac-GM100 (50 AU mL À1 ) did not show any inhibitory effect on seed germination, and the two crops represented similar ratios of germination as compared to the control subjected to water treatment (Fig. 4) . Application of Bac-GM100 (50 AU mL À1 ) was observed to improve the germinative energy of the seeds and to entail no inhibitory effect on seed germination as compared to the control subjected to water treatment. The indices of germination at the half-period were 36 and 25 h for tomato (Fig. 4A) and muskmelon (Fig. 4B) respectively, significantly higher than for the negative controls (Fig. 4) . The germinative energy yields obtained for treatment with Bac-GM100 (500 AU mL À1 ) and sodium hypochlorite, on the other hand, were found to be lower than the optimum (ratio < 50%). The initial vigor response was measured using traditional agronomic parameters, germination percentage, root length, and shoot weight and height. The results indicated that the vigor response with respect to Bac-GM100 (50 AU mL À1 ) was higher than those obtained for the other treatments (Fig. 5) . Nevertheless, Bac-GM100 (500 AU mL À1 ) has have a negative effect on the vigor response of the seeds, bringing about a significant reduction in root length (Fig. 5A) as well as shoot height (Fig. 5B) and weight (Fig. 5C ). These results are comparable to those obtained for sodium hypochlorite treatment, where the seed vigor biomarkers were drastically affected (data not shown).
The findings of the current study also indicate that the tomato and muskmelon seedlings treated with Bac-GM100 (50 AU mL À1 ) showed higher and average germination rates as compared to the Bac-GM100 solution (500 AU mL À1 ) and the control seedlings respectively. Germinative energy can play an important role in the achievement of quick uniform seedling emergence and the reduction of damping-off incidence, thus improving yield. 45) It has been reported that the use of fungicides is effective in enhancing germination, emergence, and growth and in reducing damping-off. In addition, accelerated germination has been reported to help improve stress resistance and enhance overall plant growth and productivity. 46) This might account for the usefulness of the Bac-GM100 solution for seed disinfection. valuable help during this study. Special thanks are due also to Professor Anouar Smaoui, of the English Department of the Sfax Faculty of Science for carefully proofreading and polishing the language of the present paper. 
